We present new observations of the GOODS-N field obtained at 5.5 GHz with the Karl G. Jansky Very Large Array (VLA). The central region of the field was imaged to a median r.m.s. of 3 µJy beam −1 with a resolution of 0.5 arcsec. From a 14-arcmin diameter region we extracted a sample of 94 radio sources with signal-to-noise ratio greater than 5. Near-IR identifications are available for about ∼88 percent of the radio sources. We used different multi-band diagnostics to separate active galactic nuclei (AGN), both radiatively efficient and inefficient, from star-forming galaxies. From our analysis, we find that about 80 percent of our radio-selected sample is AGNdominated, with the fraction raising to 92 percent when considering only the radio sources with redshift > 1.5. This large fraction of AGN-dominated radio sources at very low flux densities (the median flux density at 5.5 GHz is 42 µJy), where star-forming galaxies are expected to dominate, is somewhat surprising and at odds with other results. Our interpretation is that both the frequency and angular resolution of our radio observations strongly select against radio sources whose brightness distribution is diffuse on scale of several kpc. Indeed, we find that the median angular sizes of the AGN-dominated sources is around 0.2-0.3 arcsec against 0.8 arcsec for star-forming galaxies. This highlights the key role that high frequency radio observations can play in pinpointing AGN-driven radio emission at µJy levels. This work is part of the eMERGE legacy project.
unconstrained corrections for dust extinction and gas obscuration. Even the deepest X-ray surveys may fail to detect the most heavily absorbed Compton thick AGN. Many Spitzer Space Telescope and Herschel Space Observatory observations have been dedicated to detect the dust emission in galaxies up to z∼2 (e.g. Del Moro et al. 2013) . However, these studies are affected by the poor angular resolution (from few arcsec to ∼ 30 arcsec) of IR telescopes which cannot resolve compact structures at high redshift and are confusion limited. In contrast, radio continuum imaging is a powerful dust and obscuration-free tool providing unbiased measures of both star-formation and AGN activity up to high redshift, and, moreover, interferometry techniques can reach sub-arcsec angular resolution, up to milli-arcsec scales through Very Long Baseline Interferometry (VLBI).
Increasing observational evidence suggests that the submJy radio source population is a mixture of star-forming galaxies (SFGs), radiatively efficient AGN (RE-AGN) and radiatively inefficient AGN (RI-AGN), with the formers dominating at the lowest flux densities below ∼100 µJy (e.g. Gruppioni et al. 1999; Muxlow et al. 2005; Simpson et al. 2006; Bondi et al. 2007; Seymour et al. 2008; Smolčić et al. 2009; Bonzini et al. 2013; Smolčić et al. 2017a ). The unexpected detection in deep radio surveys of large numbers of RE-AGN (e.g Heckman & Best 2014) , emitting over a wide range of the electromagnetic spectrum, from mid-IR (MIR) to X-rays, but typically radio-quiet, has opened the exciting prospect of studying the whole AGN population through deep radio surveys. The nature of the radio emission in RE-AGN is currently hotly debated. Several works suggest that star-formation related processes can, at least partly, produce the observed radio emission in RE-AGN (e.g. Kimball et al. 2011; Padovani et al. 2011; Condon et al. 2012; Bonzini et al. 2013) . Others point towards composite star-formation and AGN emission (e.g. White et al. 2015) . The presence of embedded AGN cores has been demonstrated in some systems through VLBI observations (Herrera Ruiz et al. 2016; Maini et al. 2016) .
Assessing the faint AGN component in deep radio fields will provide an important tool to understand the role of nuclear activity in distant galaxies, the nature and accretion regime of RI-and RE-AGN, and their possible co-evolution with star-formation processes. The most direct way to identify faint AGN-driven radio emission is the detection of embedded radio cores in the host galaxies, through ultra-deep and high resolution radio observations, supported by multiwavelength observations, crucial to understand the physical properties and nature of the radio sources and their hosts.
This context motivates the eMERGE survey (e-MERlin Galaxy Evolution survey Muxlow et al. 2008) , the largest e-MERLIN (enhanced Multi-Element Remote-Linked Interferometer Network) legacy project, whose goal is to obtain a resolved view of the radio source population up to high redshift in the Great Observatories Origins Deep Surveys-North (GOODS-N; Giavalisco et al. 2004) . GOODS-N was observed previously at 1.4 GHz (Richards 2000; Muxlow et al. 2005; Morrison et al. 2010 ) and 8.5 GHz (Richards et al. 1998 ) with the Karl G. Jansky Very Large Array (VLA). Preliminary observations at 5.5 GHz were obtained as part of the e-MERLIN commissioning (Guidetti et al. 2013) . eMERGE is based on the combination of ultra-deep e-MERLIN and VLA observations at 1.4 and 5.5 GHz. When Figure 1 . Mosaic pattern of the 7 pointing centres (crosses) at 5.5 GHz. The dotted and inner full circles show the full width half power primary beam of the VLA (≃7.5 arcmin) and of the Lovell telescope (∼2.5 arcmin), respectively, at this frequency. The outer full circle contains the area covered by our 5.5 GHz catalogue. The plot clearly illustrates that the region observed by the VLA alone is oversampled to ease future combination with e-MERLIN observations including the Lovell telescope.
completed, it will provide sub-µJy sensitivity on 0.05-2 arcsec angular scales, corresponding to sub-kpc up to tens of kpc linear scales at redshift z > 1, and will allow the separation of compact AGN-related emission from more extended, lower surface brightness star-forming disks.
In this paper, we present the first 5.5 GHz deep image and catalogue of the GOODS-N field based on VLA observations with sub-arcsec resolution, taken as part of the eMERGE legacy project. This first set of observations are used to make an exploratory analysis of the µJy radio source population, as observed at sub-arcsec resolution, with a particular focus on the AGN population. Near-IR identifications were obtained from available ultra-deep Ks-band catalogues (Wang et al. 2010; Kajisawa et al. 2011; Skelton et al. 2014) and different diagnostics were used to separate different classes of AGN from SFGs. A preliminary report of this work has been presented by Guidetti et al. (2015) .
In a forthcoming paper (hereafter referred to as Paper II) we will extend this analysis to the radio spectral index properties of a larger sample of sources selected at 1.4 GHz, that will be used, in combination with the wealth of broadband information available in the GOODS-N field, to further characterize the properties of different types of AGN and the population of SFGs.
The paper is organised as follows. §2 describes the observations and the data reduction, while we present the catalogue extraction in §3. In §4 we provide the results on the polarisation analysis. NIR identifications and redshift information of the radio sources are presented in §5. In §6 we identify AGN in our radio-selected sample using different diagnostics: various IR colour-colour plots, X-ray luminosity, radio-excess and VLBI detection. A discussion of the results is presented in §7, while conclusions and future perspectives are given in §8.
Throughout this paper we adopt a concordance cosmology with Hubble constant H0 = 70kms −1 /Mpc −1 , ΩΛ = 0.7 and ΩM = 0.3. All magnitudes referred in this paper are in AB system, unless otherwise stated, where an AB magnitude is defined as AB = 23.9 − 2.5 log(S[µJy]).
VLA OBSERVATIONS AND DATA REDUCTION

Observations
We obtained new VLA observations of the GOODS-N field at a central frequency of 5.5 GHz with a 2 GHz bandwidth in A-and B-configurations. The VLA A-configuration observations were taken over four nights in October 2012 (2012 October 6, 7, 8 and 20, project code 12B-181) , for a total observing time of 14 hrs. The B-configuration data were taken in one night (2013 September 27, project code 13B-152) for a total time of 2.5 hrs.
The observations consist of a mosaic of 7 pointings ( Fig. 1 ), centred at α = 12 h 36 m 49 s .4, δ = +62
• 12 ′ 58 ′′ (J2000). The pointing centres are separated by ∼2 arcmin to facilitate combination with future 5.5 GHz e-MERLIN observations including the 76-m Lovell telescope, which has a smaller primary beam (2.5 arcmin) than the VLA antennas (7.5 arcmin FWHM at 5.5 GHz, see Fig. 1 ). For the VLA alone this mosaic pattern is oversampled, and provides ultra-deep sensitivity over the central region. Each pointing was observed for a total of ∼80 min in A-configuration and 12 min in B-configuration. The nearby unresolved phase calibrator J124129+6020 was monitored for 40 seconds every 10 minutes to provide accurate phase and amplitude calibration. The flux density and bandpass calibrators, 3C 286 and J1407+28279 (OQ208), were observed once per night. The data were recorded every 1 s in spectral line mode using 16 adjacent 64 × 2 MHz intermediate frequency channels (IFs), for a total bandwidth of 2048 MHz. Both circular polarisations were recorded. This bandwidth synthesis mode minimises chromatic aberration (bandwidth smearing) and reduces the effects of narrow-band radio frequency interference (RFI) as individual narrow channels can be flagged and rejected from the data.
Editing & Calibration
The data were calibrated and edited using the aips software package, developed by the National Radio Astronomy Observatory 1 , following standard procedures (as briefly outlined below). The five observing sessions (four in Aconfiguration and one in B-configuration) were edited and calibrated separately.
To set the interferometer group delay correctly we used the task fring on the calibrator J1407+28297, selecting a time range of 1 min. After a first run of automatic flagging done through rflag, we performed a first calibration of the bandpass and of the flux density scale using the source 3C286. Amplitude calibration was based on the VLA standard spectrum of 3C286, bootstrapped to determine the spectrum of J1407+28279 and J124129+6020. Specifically, the frequent observations of J124129+6020 (once every 10 minutes) were used to calibrate the amplitudes and phases of the target fields. We then examined the visibilities of all the calibrators and performed further editing of residual RFI using the tasks spflg and uvflg. A new calibration table was then derived using only the data that had passed the editing process. In total, about 15 percent of the uv-data were discarded in the editing process. We obtained a mean flux density (averaged over the five days) of 2.271±0.032 Jy for J1407+28279 and 0.298±0.003 Jy for J124129+60200 (where the uncertainty is the standard error σ/ √ N ), at the central observing frequency of 5.5 GHz. We estimate calibration errors of ∼1-1.5 percent for the flux density measurements.
We also performed the polarisation calibration using the sources 3C286 and J1407+28279 (the latter is known to be unpolarised) as polarisation angle and instrumental polarisation calibrators, respectively. J1407+28279 was then imaged in total intensity and polarisation to check for residual instrumental polarisation. We derived a fractional polarisation, averaged over the five days, of 0.2 percent, that we take as the level of residual instrumental polarisation in our data.
Finally, the edited and calibrated uv-data from all five observing sessions were combined for imaging using the task dbcon with parameter REWEIGHT=1.
Imaging and mosaicing
Imaging wide fields using data sets with a large fractional bandwidth (∆ν/νc) is a challenging task given that the field of view, the primary beam correction, the synthesized beam or point-spread function, and the flux densities of the sources all vary significantly with frequency.
Two different approaches can be followed:
• Split the uv-data into sub-bands having ∆ν/νc ≪ 1 (namely the sixteen IFs, each with a bandwidth of 128 MHz), and image separately each sub-band with a common resolution (tapering and/or changing the weight function with increasing frequency). At each frequency, the mosaic, resulting from the combination of the seven pointing, is derived applying the primary beam correction appropriate to the central frequency of each sub-band. Finally, the mosaics produced from each sub-band can be recombined with appropriate weights to obtain a sensitive wide-band mosaic (e.g. Condon et al. 2012 ).
• Imaging the entire bandwidth simultaneously using the multi-scale multi-frequency (MSMF) synthesis clean algorithm (available in the casa package) with nterm > 1, which takes into account frequency-dependent variations over the observing band (e.g. Rau & Cornwell 2011; Rau et al. 2014) . The resulting images for each pointing are then corrected for the primary beam using the casa task widebandpbcor. Finally, the mosaic covering the whole field is obtained by a weighted combination of the seven pointings.
We have tested and compared both approaches, and selected the MSMF synthesis clean for the following reasons. While both methods produce highly comparable images in terms of noise properties and image fidelity, the first method has, in our opinion, two main disadvantages. Firstly, the images produced by the different IFs have to be restored to the lowest common resolution. This means that we lose resolution in our images, but also that we need to fine-tune the data and/or change the weighting function used in the gridding process as the image frequency increases. Secondly, the cleaning threshold is usually set to some multiple of the expected noise (usually in the range 3 to 5). Using the same criterion for the cleaning in both methods described above means that the individual IF images will have, on average, a noise four times larger than the image produced with the MSMF clean (since 16 individual IFs are summed up). Therefore a large fraction of the sources detected in the sensitive wide-band mosaic obtained by recombining the 16 individual IF mosaics will be sources that were not cleaned, or that were cleaned in some images (some IFs) and not in others. This may affect the source properties by introducing subtle undesirable effects on the final mosaic.
We imported the combined data-sets (one for each pointing, including all the A-plus B-configuration data) into casa (task importuvfits) and ran the task clean with two Taylor terms in the frequency expansion (mode=mfs, nterms=2). Wide-field mode was enabled using gridmode=widefield, wprojplanes=128, facets=1, along with three resolution scales. For each pointing a map with 8192 pixels on-the-side was produced with a pixel size of 0.1 × 0.1 arcsec 2 . The fields were cleaned down to about 4 times the expected r.m.s. noise of each pointing. The final restoring beam was set to 0.56 × 0.47 arcsec 2 with a position angle of 88
• . After the deconvolution, wide-band primary beam correction was applied using the casa task widebandpbcor using a primary beam threshold cut-off of 0.15 per cent of the peak.
To construct the mosaic, the images of the seven pointings were transferred back into aips. We re-gridded the images using the task hgeom to a common centre, and produced a noise image for each pointing using the task rmsd. The re-gridded images were combined, using the noise images as weights, with the task wtsum. Finally, a noise image of the mosaic was generated. The r.m.s. noise is ≃ 1 µJy in the inner regions, and increases with distance from the centre of the mosaic. The visibility function (Fig. 2) , calculated over the region used to extract the source catalogue (see § 3 ), shows that about 50 percent of the mapped area is characterized by an r.m.s. noise lower than 3 µJy, and remains ≤ 10µJy across the whole field: this makes our survey the most sensitive yet at 5.5 GHz.
SOURCE CATALOGUE
To identify a sample of sources above a given local signal-to-noise ratio (SNR) threshold in the 5.5 GHz mosaic, we followed the same approach already successfully tested by other radio surveys (e.g. Bondi et al. 2003) . We employed the aips task sad on both the mosaic image and the noise image to obtain a catalogue of candidate sources above the threshold of 4.5σ. We limited the source extraction and the following analysis to a circular region of radius 7 arcmin around the mosaic centre. For each selected source, sad estimates the peak and total fluxes, and the position and size using a Gaussian fit. Since the Gaussian fit may provide unreliable and biased results for low SNR sources, a better estimate of the peak brightness and position was obtained with a simple cubic interpolation around the fitted position using maxfit in aips. Only the sources for which the ratio of peak brightness and the local noise was ≥ 5 (i.e. those with SNR≥5) were included in the final catalogue. We found a total of 100 components that were visually checked to identify possible multiple components of a single radio source. Eight components were converted into 2 single radio sources. In these cases, we "collapsed" all the multiple components in the catalogue to a single source entry at the position of the brightest component, and we derived the total flux density integrating the brightness distribution over the area occupied by the source. For all the remaining sources we assessed the reliability of the total flux densities derived by sad using simulated sources, added to the uv-dataset of the central pointing. The dataset, including the mock sources, was imaged and primary beam corrected as the original dataset. Forty mock sources, with total flux density in the range 20-200 µJy were inserted for each run of simulation in a region within a radius of 90 arcsec from the pointing centre. Half of the inserted sources were point-like, while the remaining half had intrinsic sizes between 0.2 and 0.8 arcsec. This procedure was repeated five times yielding to a sample of 200 mock sources. The total flux density recovered by Table 1 . The catalogue of sources detected above 5σ at 5.5 GHz. We include here only the first ten sources in R.A. order, the full version of the catalogue is available as online-only material. Column 1 gives the name of the source, columns 2 to 5 list the right ascension, declination and the respective errors, column 6 is the signal-to-noise ratio, columns 7 & 8 are the peak brightness and the total flux density with the respective errors. Finally, column 9 lists the deconvolved FWHM sizes (major axis and minor axis) in arcsec, and the position angle in degrees (a value of -99 in this column indicates that the source is made of multiple components). For the radio sources classified as unresolved, the total flux is set equal to the peak brightness and the deconvolved sizes are set to zero. sad (1-component Gaussian fit) for each mock source was compared to the intrinsic one injected in the dataset. We found that the total flux densities derived with this procedure are systematically higher (on average by 15-20 percent) than the true values: the median, mean and standard deviation of the ratio between the measured and injected total flux using a simple 1-component Gaussian fit are 1.15, 1.20 and 0.25, respectively. Therefore, we decided to manually fit each of our mock sources with a 2-component fit, including a Gaussian component and a zero-level baseline contribution. The total flux densities obtained from these fits are in much better agreement with the true, injected values: the median, mean and standard deviation of the ratio between the measured and injected total flux densities using the 2-component (Gaussian + baseline) fit are 0.98, 1.02 and 0.15, respectively. Summarising, for each single component source the peak brightness is measured with maxfit, and the total flux density and sizes with the 2-component Gaussian fit. The final catalogue contains 94 sources with SNR ≥ 5. Table 1 lists the source name, position in R.A. and Dec. with errors, signal-to-noise ratio, peak flux and total flux density with errors, and deconvolved sizes. Sources that were classified as unresolved using the distribution of the total to peak flux ratio (see § 3.1) have their total flux set equal to the peak flux and deconvolved sizes set to zero. The full version of Table 1 is available as online-only material. Since the formal relative errors determined by Gaussian fits are generally smaller than the true uncertainties of the source parameters, we used the Condon (1997) error propagation equations to estimate the true errors on fluxes and positions (e.g. Prandoni et al. 2000; Bondi et al. 2003) . The contour plots of the 94 radio sources are shown in the Appendix (online material only).
Source
The peak brightness (Sp) and total flux density (St) distributions for the 94 sources in our sample are shown in Fig. 2 , together with the expected peak flux density distribution corrected for local r.m.s. variations using the visibility function.
To test the reliability of lower SNR sources, we quantified the number of possible spurious detections due to random noise fluctuations and associated to negative bright- ness peaks in the following way. By assuming that negative and positive noise spikes have a similar distribution in the 5.5 GHz mosaic image, we ran the task sad on the negative mosaic map (i.e. the map multiplied by -1), with the same input parameters used to extract the source catalogue. We found 7 components with SNR ≥ 5 within the extraction area of the catalogue (7 arcmin radius). All these components are in the range 5 ≤ SNR < 5.5. In the radio catalogue there are 19 sources with SNR < 5.5, as shown by our analysis these lower SNR sources may be significantly contaminated by false detection (7/19, ∼40 percent), Since the following analysis is based on sources with NIR identifi-cations, we are confident that the fraction of spurious radio sources is negligible, even at the lowest SNR values.
Unresolved and extended sources
Our source classification as unresolved or extended is based on the ratio between the total and peak flux densities of the sources (e.g. Prandoni et al. 2000) :
where θmin and θmaj are the fitted source FWHM axes and bmin and bmaj are the synthesized beam FWHM axes. The flux density ratio distribution for all the 94 sources is shown in Fig. 3 . As expected, at low SNRs we have sources with St/Sp < 1: this is due to the r.m.s. statistical errors which affect our source size and, in turn, the flux density estimates.
To distinguish between unresolved and extended sources, we derived the lower envelope of the flux ratio distribution in Fig. 3 by fitting a curve above which there are at least 90 percent (to discard possible outliers) of the sources with ST/SP < 1:, and then mirrored it above the ST/ SP=1 value. The sources located above the upper envelope are considered extended, while those below it are considered unresolved. We stress that the total flux density of the sources is calculated through a 2 component-fit (source + background) which has proved to be more reliable in measuring the total flux.
The upper curve can be described by the equation:
where a = 6 and β = 1.5. With this criterion, 56 (38) sources are considered resolved (unresolved). We considered as reliable only the deconvolved angular sizes of the resolved sources, while those of unresolved sources are set to zero in the catalogue (see Table 1 ).
Radio sources detected at 5.5 GHz without a 1.4 GHz counterpart
The deepest observations at 1.4 GHz of the GOODS-N field, published by Morrison et al. (2010) , have a circular beam size of ∼ 1.7 arcsec and r.m.s noise level of ∼ 3.9 µJy beam −1 . The 1.4 GHz catalogue lists more than 1200 radio sources above a 5σ threshold of ∼ 20 µJy beam −1 at the field centre, within a region of 40 × 40 arcmin 2 . A significant fraction of the sources detected at 5.5 GHz (17/94, 18 percent) have no counterpart in the 1.4 GHz catalogue. About half (9/17) of the sources without a 1.4 GHz counterpart have SNR> 5.5 or have a NIR identification (see § 5) and these are the most reliable sources. These sources have upper limits in the spectral index ranging from α < 0.66 to α < −0.5 (adopting the spectral index definition S ∝ ν −α ), and will be discussed in more details in Paper II (Guidetti et al. in preparation) . The number of the remaining sources (8/17) is consistent with the number of the expected spurious sources derived in § 3. 
POLARISATION PROPERTIES
The mosaics of the Stokes parameters Q and U were imaged and assembled using the same method applied to derive the total intensity mosaic. Noise images were also derived. The Stokes Q and U mosaics were combined to derive the polarised intensity mosaic using the task comb in aips. The noise images were used to clip signals below a threshold of 3σ in the polarised intensity image. We then searched for polarised emission at the positions of the sources in our sample. We detected polarised emission in only eight sources. These are listed in Table 2 . For each source we give the peak in polarised emission and its SNR, the total polarised flux and the average fractional polarisation (calculated as the total polarised flux divided by the total flux density of the source from Table 1 ). Only two sources in Table 2 show extended polarised emission. In particular J123726+621128 has a wide-angle tail (WAT) morphology with polarisation detected in the twin jets and in both lobes as shown in Fig. 4 . The second extended, polarised source, J123644+621133, represents the other galaxy in this field showing the classical FRI structure (core+jets). We estimated the bandwidth effects on the polarised emission of the sources, assuming a rotation measure (RM) in the range 10-100 radm −2 . These are plausible values for the integrated RM of GOODS-N sources: typical intrinsic RM values for extragalactic radio sources are in the range from a few radm −2 in the poorest environments, through intermediate values of 30-100 radm −2 , up to thousands of radm −2 in the centres of cool core clusters (Guidetti et al. 2011 (Guidetti et al. , 2012 . The high Galactic latitude of the GOODS-N field ensures a small contribution from the Galactic foreground. For the worst case (i.e. at the lowest frequency of our observations, 4.5 GHz), the average rotation across the bandwidth is ∼10 degrees, resulting in a depolarisation of 0.017 which is negligible compared to the errors due to noise. Rudnick & Owen (2014) published the results of a polarisation survey of the GOODS-N field at 1.5 GHz. The observations had a detection threshold of 14.5 µJy in polarised emission and cover a much larger area than that covered by our 5.5 GHz data. They detected 14 radio sources; two are in the field of view covered by our observations: J123644.3+621132 and J123725.9+621128 (wrongly named as J1237744.1+621128 in Table 1 in Rudnick & Owen (2014) ) and both show polarised emission at 5.5 GHz. These are the two extended sources discussed above, and the sources with the strongest polarised emission at 5.5 GHz. Taking into account that the synthesized beam of the 1.5 GHz observations is 1.6 × 1.6 arcsec 2 (compared to 0.56 × 0.47 arcsec 2 of our 5.5 GHz observations), the amount of polarised flux detected at the two frequencies is consistent. Of the remaining sources we detect at 5.5 GHz, only J123714+620823 could have enough polarised flux to be detected at 1.5 GHz.
NEAR-INFRARED IDENTIFICATIONS
We searched for counterparts of the 5.5 GHz sources in the ultra-deep Ks-band catalogue of Wang et al. (2010) . The Ks-band imaging was performed with the Wide-field InfraRed Camera (WIRCam) on the 3.6 m Canada-FranceHawaii Telescope (CFHT) and covers an area of 0.25 deg 2 with a 5σ point-source depth of Ks,AB = 24.45 mag. The field imaged at 5.5 GHz is entirely covered by the WIRCam observations.
We initially searched for the nearest Ks-band counterpart within one arcsecond of each radio source: 80 associations were found. The distribution of the positional offsets between the radio sources and the NIR nearest counterparts is shown in Figure 5 . The majority of the counterparts are found within 0.5 arcsec of the radio source positions. The median shift in R.A. and Dec, considering all the counterparts within 0.5 arcsec, is ∆R.A. = −0.04 ± 0.10 arcsec and ∆Dec = +0.04±0.05 arcsec, respectively. These shifts are less than 1/10 of the radio synthesized beam and smaller than the errors (as estimated from the median absolute deviations); indicating that there is no evidence for any measurable systematic offset between the radio and NIR positions.
We checked for possible random coincidences by shifting the positions of the radio sources in the catalogue and searching for the nearest Ks-band counterparts, obtaining the distribution of the separation for random coincidences Figure 5 . Separation of the nearest Ks-band counterparts from the radio sources (solid black line), and by shifting the radio sources by 1 arcmin in four directions and repeating the matching (dashed red line).
(dashed line in Fig. 5 ). Based on the sky density of the NIR objects the probability of having a false association with a separation ≥ 0.5 arcsec is ∼ 50 percent. Assuming r = 0.5 arcsec as the cut-off separation for a real identification, we have 75 single identifications and expect two random coincidences. A total of 19 sources have no NIR identification with r ≤ 0.5 arcsec. We examined each of these sources and found that three are extended sources where the radio peak is offset with respect to the possible optical counterpart, but the radio morphology suggests that the op- Figure 6 . Ks magnitude distribution for the radio source counterparts (solid line) and for the NIR-selected sample (Wang et al. 2010) limited to sources within the same area covered by the radio mosaic (dashed line).
tical association is correct, resulting in 78/94 radio sources with a NIR counterpart in Wang et al. (2010) .
For the remaining unidentified objects we searched the catalogues of the Subaru Multi Objects InfraRed Camera and Spectrograph (MOIRCS) ultra-deep survey (Kajisawa et al. 2011 ) and of the Cosmic Assembly Nearinfrared Deep Extragalactic Legacy Survey (CANDELS Skelton et al. 2014 ) with 5 σ depth of Ks,V ega = 24.1 and Ks,AB = 24.7, respectively. We found 5 new NIR counterparts within 0.5 arcsec. The level of random coincidences with these further NIR catalogues is still < ∼ 3 percent. In summary, we have a secure identifications for 83 radio sources (88 percent of the whole radio catalogue). In the following discussion we will refer to these 83 sources as the NIR-identified sample. If we restrict the radio sample to sources with SNR ≥ 5.5, then we have 79 radio sources, 76 of which have a secure NIR counterpart (96 percent of the radio sample). The high fraction (∼ 90 percent) of reliable identifications is a natural consequence of the depth of the NIR catalogues used to cross identify the radio sources, and is consistent with that found in other studies (e.g. Simpson et al. 2006; Smolčić et al. 2017a) .
The distribution of the Ks magnitude for the NIRidentified sample is shown in Fig. 6 , together with that of the Wang et al. (2010) Ks selected sample, restricted to sources in the area of our radio observations (dotted histogram). The Ks magnitude histogram of radio sources displays a much flatter distribution than the overall NIR sample, this should be due to our radio/NIR selection function and demonstrating that we are probing a different source population than purely NIR-selected samples.
Sources without near-IR counterparts
Eleven sources are still unidentified at a limiting Ks magnitude of 24.5-25.0. All of them are low SNR radio sources (SNR < 5.8) and eight of them have SNR < 5.5. Moreover, none of the 11 unidentified sources has a counterpart at 1.4 GHz in Morrison et al. (2010) . We searched for possible Infrared Array Camera (IRAC) and Multi-band Imaging Photometer for Spitzer (MIPS) counterparts of the NIR unidentified radio sources in the S-CANDELS catalogue (Ashby et al. 2015) and GOODS-N Legacy Survey 24 µm catalogue (Magnelli et al. 2011 ). We used a matching radius of 2 and 4 arcsec for searching, respectively, IRAC and 24 µm MIPS counterparts. One source is identified in both the IRAC and MIPS catalogues, for two radio sources an association is found in the IRAC catalogue and, finally, for one source a counterpart is found in the 24 µm MIPS catalogue only. In summary, we found four possible MIR counterparts among the eleven source without NIR identifications. One of the remaining sources is actually a famous galaxy, being associated to HDF 850.1, the brightest submillimiter source in the field (Walter et al. 2012 , and references within).
These radio sources, without a deep NIR identification but with a MIR or sub-mm counterpart, are potentially very interesting objects and we will investigate their properties in a later publication, but since they do not possess detections in other bands we cannot include them in the analysis described in § 6, which is limited to the NIR-identified sample.
Spectroscopic & photometric redshifts
Many papers presents spectroscopic and/or photometric redshifts obtained in the GOODS-N field (e.g. Cowie et al. 2001; Wirth et al. 2004; Barger et al. 2008; Kajisawa et al. 2011; Skelton et al. 2014; Momcheva et al. 2016) .
In order to obtain a homogeneous and updated set of redshifts we adopt, when available, the redshifts from the 3D-HST Treasury survey catalogues (Skelton et al. 2014; Momcheva et al. 2016) . GOODS-N is one of the five CAN-DELS fields for which WFC3 G141 spectroscopic data are available. Spectroscopic redshifts are either measured with space-based dispersion grisms (Momcheva et al. 2016) or obtained from ground-based slit spectroscopy from the literature (Skelton et al. 2014) . Photometric redshifts are determined with the EAZY code (Brammer et al. 2008 ) and listed in Skelton et al. (2014) . The normalized median absolute deviation (MAD) scatter between the photometric and spectroscopic redshifts is σNMAD = 1.48×MAD < 0.027×(1+z) (Skelton et al. 2014) . For five sources, not included in the 3D-HST photometric catalogue of GOODS-N we searched the literature for an appropriate redshift.
Spectroscopic redshifts are available for 51 NIR counterparts and photometric redshifts for 28 sources yielding to 95 percent (79/83) the fraction of NIR identified sources with a redshift. There are 4/83 NIR identified radio sources with no redshift measurement. These are all located at the edges of the GOODS-N radio field in a region not covered by the IRAC observations.
Hereafter we use spectroscopic redshifts where available, and photometric redshifts otherwise. The redshift distribution is shown in Fig. 7 . It appears to follow a bimodal distribution which shows a correspondence to the (less prominent) peaks noted in the Ks magnitude distribution. There is a peak around z ≃ 0.5 with a tail extending to z ≃ 1 populated by the brighter sources (17 < Ks < 21) and a secondary peak around z ≃ 2. One radio source is identified with a local galaxy at z < 0.1.
The z-fitting procedure used in Momcheva et al. (2016) , based on combining grism and multi-band photometric datasets, provides photometric redshifts for some low redshift (z < ∼ 0.7), and often red and/or faint galaxies, although they might have a spectroscopic redshift in the literature. For these objects, the photometric fit alone provides a more accurate redshift, and the contribution of the grism spectrum to the combined fit is negligible. This explains the photometric redshifts assigned to some low redshift (z < ∼ 0.7) sources in Fig. 7 . It is worth noting that in all these cases the photometric redshifts reported in Momcheva et al. (2016) are consistent with the spectroscopic values that are listed in other catalogues.
The median redshift for the 79 NIR identified radio sources with redshift information is z = 1.32 (z = 1.02 for those with only spectroscopic redshifts), 8 radio sources have a spectroscopic (1) or photometric (7) redshift larger than 3.
The isotropic intrinsic radio luminosities at 5.5 GHz (L5.5GHz) for the sources with known redshifts are shown in Fig. 7 , where we assumed a radio spectral index α = 0.7 for the K-correction. The median L5.5GHz of the sources with redshift is 4.4 × 10 23 W Hz −1 .
THE AGN CONTENT OF THE 5.5 GHZ RADIO SAMPLE
In this section we use the exquisite multi-wavelength ancillary catalogues of the GOODS-N field to identify systems in the 5.5 GHz radio sample that are likely hosting an AGN. Multi-wavelength observations have led to the identification of a two-fold mode of nuclear activity, RI-AGN and RE-AGN (see §1 ), which may reflect two different types of SMBH accretion and feedback. RI-AGN and RE-AGN are also named as "radio-" and "quasar-" mode AGN, respectively.
A full review of these two AGN populations and their properties can be found in Heckman & Best (2014) . In brief, RI-AGN stand out in the radio band, without accretion-related X-ray, optical, or MIR emission (e.g. Hardcastle et al. 2007) , and showing only low excitation emission lines (Hine & Longair 1979) . Such AGN are associated with very low nuclear accretion rates (Eddington fraction ≪1 percent, Narayan & Yi 1994 , 1995 involving hot gas from the halo's atmosphere and hosted in massive galaxies within dense environments. The feedback is based on the presence of powerful radio jets that mechanically transfer the AGN energy into the surrounding environment. It is widely accepted that recurrent radio-mode AGN activity is a fundamental component of the lifecycle of massive galaxies, responsible for maintaining these sources as "red and dead" once they have migrated on the red sequence (e.g. Croton et al. 2006; Best et al. 2006) In contrast, RE-AGN emit powerfully over a wide range of the electromagnetic spectrum (MIR to X-rays). They are typically faint radio sources, although a small fraction emit large scale, relativistic radio jets. They are also characterized by the presence of high-excitation emission lines. Quasar-mode AGN are associated with radiatively efficient (> 1 percent of the Eddington rate) optically thick, geometrically thin accretion disks (Shakura & Sunyaev 1973) , accreting cold gas via secular processes, hosted by galaxies found in less dense environments, and often showing ongoing star-formation (Heckman & Best 2014 , and references therein). AGN feedback may occur through high-velocity winds, outflows generated close to the AGN, radiation pressure on dusty gas, or thermal heating (e.g. Veilleux et al. 2005; Fabian 2012) .
To assess whether a galaxy is hosting an active nucleus, we applied a number of AGN selection criteria at IR, Xray and radio wavelengths. Throughout this analysis we will adopt the nomenclature RE-and RI-AGN to refer to these two distinct AGN populations, even if we identify objects in these two classes not directly deriving the accretion efficiency, but rather on the basis of of their radio/IR/Xray properties (IR diagnostic plots, radio-excess or X-ray luminosity). This means that objects classified as RE-or RI-AGN might not necessarily have two different accretion modes, but simply reflect the reliability of the combined radio/IR/X-ray diagnostics.
The origin of the radio emission and its link with an AGN-or SF-dominated host galaxy is deferred to Paper II, here we focus on deriving the fraction of our 5.5 GHz radio sample that is dominated by an AGN in at least one of the radio, infrared or X-ray bands. We first analyse the AGN content separately for each of the IR, X-ray, radio bands, then the final classification scheme is obtained by combining all the criteria as follows. Radio sources identified as AGN by the IR or X-ray diagnostics are classified as RE-AGN. Among the remaining sources, the RI-AGN are identified as those radio sources having MIR colours typical of red and passive galaxies, or those showing a radio-excess. All other sources, those not identified as AGN hosts by any of the aforementioned criteria, are classified as SFGs.
AGN infrared colour diagnostics
IR colour-colour criteria, based on surveys conducted with Spitzer and WISE, are currently used to separate AGN from star-forming or quiescent galaxies (e.g. Lacy et al. 2004; Stern et al. 2005; Lacy et al. 2007; Donley et al. 2012 ). These diagnostics are based on the evidence of a prominent dip in the SED of SFGs between the 1.6-µm stellar bump and the emission from star-formation-heated dust at longer wavelengths. On the other hand, luminous AGN should have a monotonically increasing power law SED across the IRAC bands (e.g. Neugebauer et al. 1979 ), a consequence of Xray-to-UV AGN radiation reprocessed to IR wavelengths by a dusty torus surrounding the central region (Sanders et al. 1989; Pier & Krolik 1992) . This scenario applies to RE-AGN and throughout this paper, when we use the term AGN without further specification, we refer to the class of radiatively efficient AGN.
In the following, we make use of four IR colourcolour diagrams developed in recent years to distinguish between AGN-and star-formation-dominated sources. The four IR criteria are those presented by Donley et al. (2012) , Messias et al. (2012) , Kirkpatrick et al. (2012 Kirkpatrick et al. ( , 2013 . All of these provide low contamination diagnostics (∼ 10 percent) in separating SFGs and AGN up to high redshift (z ∼ 4), by taking into account the redshift evolution of IR colours. This is essential for a sample of sources spanning a wide range of redshifts in order to properly classify high redshift objects. Donley et al. (2012) redefined, in a more restricted way, the IRAC colours-based AGN selection criteria previously developed by Lacy et al. (2004 Lacy et al. ( , 2007 obtaining a highly-reliable classification for deep IRAC surveys (referred to as the "Donley wedge" hereafter). Messias et al. (2012) developed their own IR colour-colour diagram, using Ks and IRAC bands (the KI diagram) and, finally, Kirkpatrick et al. (2012 Kirkpatrick et al. ( , 2013 presented two different combinations of colours that combine MIR and far-IR (FIR) photometry (Spitzer IRAC/MIPS and Herschel PACS/SPIRE) to classify high redshift (z = 0.5 − 4) galaxies selected at 24 µm with Spitzer IRS spectroscopy. These criteria will be briefly presented in the following. For a full discussion we refer to the original papers listed above.
IR classification of the 5.5 GHz radio sources
In § 6.4 we present the results obtained applying the IR colour-colour diagnostics to the radio selected sample in GOODS-N, adopting the following nomenclature:
• those radio sources classified as AGN by only one diagnostic diagram are dubbed as RE-AGN-candidates, while RE-AGN are those classified as AGN by at least two of the four IR colour-colour plots.
• Radio sources with MIR colours consistent with those of red passive galaxies are defined as RI-AGN. Indeed, in these sources the AGN can be detected only in the radio band with no evidence of accretion-related emission or recent star-formation in the IR or X-ray bands.
• Galaxies which do not fit in the AGN regions of any of the used IR colour-colour plots are classified as SF/hybrid systems (SF/hyb).
It is important to clearly state that the term SF/hyb is chosen to underline that some of these sources may not be necessarily pure SFGs, as most of the IR criteria here used are conservative at expenses of completeness. Of course, the SF/hyb radio sources are not AGN-dominated in the IR, they could include purely SFGs, hybrid sources where AGN and star-formation coexist, or IR weak AGN. In § 6.5, § 6.6 and § 6.7 we will check the SF/hyb radio sources for AGNrelated radio emission using other diagnostics (X-ray luminosity, radio-excess, and compactness).
MIR to FIR photometry
The GOODS-North field has a wealth of ancillary information at IR wavelengths. In particular we used the IRAC photometry (3.6, 4.5, 5. (Magnelli et al. 2013 ) and the GOODS-H catalogue . IRAC photometry in all four bands is available for 77/83 radio sources. Four of the six missing sources lie just outside of the IRAC area coverage, while the remaining two are not detected in any of the IRAC bands.
The number of radio sources with a detection in all of the four mid/far-IR bands (250, 24, 8.0, 3.6 µm) is 47. To these we add 19 sources for which we use a 3σ upper limit for the 250µm flux. On the other hand, we have 52 radio sources detected in all the four mid/far-IR bands (100, 24, 8.0, 3.6 µm) plus 14 for which we use a 3σ upper limit for the 100µm flux. In summary, the sample of radio sources to which we can apply the mid/far-infrared colour-colour AGN selection criteria contains 66 objects. Fig. 8 shows the four IR colour-colour plots used in this work. The IRAC colour-colour diagnostic (top-left panel in Fig. 8 ) can be applied to 77 of our 5.5 GHz selected sources, detected in all the IRAC bands. The original AGN selection wedge is plotted (Lacy et al. 2007 ) as well as the revised region assumed by Donley et al. (2012) . Thirteen radio sources (about 17 percent) are inside the Donley wedge, and all are power-law AGN: their flux densities are such that S3.6 < S4.5 < S5.8 < S8.0, within the photometric errors. All of them are classified as RE-AGN since they are se- . The line separate RE-AGN (above the line) from star-forming or passive galaxies (below the line), according to Kirkpatrick et al. (2012 Kirkpatrick et al. ( , 2013 Bottom-Right: IR colour-colour plot showing log(S 8.0 /S 3.6 ) versus log(S 100 /S 24 ). The line separates RE-AGN (above the line) from star-forming or passive galaxies (below the line), according to Kirkpatrick et al. (2012 Kirkpatrick et al. ( , 2013 . In the two lower plots, empty symbols refer to 100 µm and 250 µm upper limits. lected by at least two different IR criteria. This confirms that AGN selected using the Donley wedge are highly reliable and not significantly affected by contamination. The drawback of this method is the lower level of completeness: only 68 percent (13/19) of the RE-AGN and 41 percent (13/32) of the total number of RE-AGN and RE-AGN-candidates in our 5.5 GHz radio-selected sample are found inside the Donley wedge.
IR classification
The RE-AGN (6 sources) and RE-AGN-candidates (13 sources) outside the Donley wedge are roughly evenly split in two groups. Those with z >1.5 are found clustered in the region close to the wedge and bridging the gap with the population of SF/hyb galaxies (log(S5.8/S3.6) ≃ 0.25 and log(S8.0/S4.5) ≃ 0.1). On the other hand, sources with z <1.5 span a wider range of log(S8.0/S4.5) (indicating dif-ferent levels of reddening) and are mixed to the SF/hyb galaxies.
A group of radio sources is closely clustered in the bottom-left of the diagram (top-left panel in Fig. 8 ). These galaxies have MIR colours consistent with those expected for red and passive galaxies at z < ∼ 1. To allow for possible higher redshift (z ≃ 2) quiescent galaxies (see Fig. 2 in Donley et al. (2012) for the evolutionary tracks of passive galaxies), we consider all the 15 radio sources with log(S5.8/S3.6) < 0.05 and log(S8.0/S4.5) < −0.25 as radioemitting RI-AGN hosted by red passive galaxies.
The KI criterion (top-right panel in Fig. 8) . However, given that 11 radio sources are identified as AGN-candidates only by this diagnostic, we must consider the possibility that some of these 11 sources could be misclassified SF/hyb galaxies. We will return to this point later, we just note that the KI diagnostic is most effective in selecting AGN at z ≃ 2-3 (Messias et al. 2012) , and that 7/11 of the RE-AGN-candidates are indeed in this redshift range.
Before reviewing the results from the diagnostics using FIR photometry (Kirkpatrick et al. 2012 (Kirkpatrick et al. , 2013 , we note that this is possible for a smaller number of sources (66 compared to 77 objects). Of the 11 sources without a FIR counterpart, 9 are associated with RI-AGN hosted by red passive galaxies which are typically faint in the MIR, and therefore mostly undetected at 24 µm. The IRAC/Herschel-250 (log(S8.0/S3.6) vs. log(S250/S24), lower-left panel in Fig. 8 ), selects only 58 percent (11/19) of the RE-AGN and 41 percent (13/32) of RE-AGN plus RE-AGN-candidates. We cannot exclude the possibility that a few sources classified as RE-AGN by at least two of the other criteria could shift into the AGN region, since they have only an upper limit for the Herschel flux. The IRAC/Herschel-100 (log(S8.0/S3.6) vs. log(S100/S24), lower-right panel in Fig. 8 ), is more effective in selecting RE-AGN (89 percent, 17/19) and all the radio sources above the threshold line are confirmed as RE-AGN by at least one other criterion, implying a high reliability coupled with a high level of completeness. The RE-AGNcandidates occupy an intermediate region between the RE-AGN and the population of SF/hyb galaxies, while the few RI-AGN with a 24 µm detection have bluer log(S8.0/S3.6) colours.
We note that for the present sample of radio sources, the four IR diagnostics we have used are practically equivalent to selecting sources in the IRAC colour-colour diagram with the cuts log(S5.8/S3.6) > −0.1 and log(S8.0/S4.5) > 0 with a ≃ 10 percent level of incompleteness (1 RE-AGN and 2 RE-AGN-candidates are located outside this region) and contamination (3 SF/hyb sources fall within this region).
In summary, using the four IR colour-colour diagnostics we find 19 RE-AGN, 13 RE-AGN-candidates, and 15 RI-AGN associated with red passive galaxies. Considering both RE-AGN and RE-AGN-candidates and the RI-AGN, about 61 percent (47/77) of the radio sources with available infrared photometry are classified as AGN. The remaining Figure 9 . The IRAC colour-colour diagram for the 77 5.5 GHz selected radio sources detected at all IRAC bands, highlighting X-ray AGN (magenta crosses) and radio-excess sources (black squares).
30 sources, the SF/hyb systems, are not identified as AGN hosts by any of the four IR criteria. It is important to underline that we cannot exclude the presence of weak nuclear activity, since the IR colour-colour plots just tell us that the AGN, if present, does not dominate the IR emission (for the RE-AGN) or has MIR colours not compatible with those of a red passive elliptical (for the RI-AGN). So, these SF/hyb galaxies could be either pure SFGs, hybrid systems, or IRweak AGN.
X-ray AGN
We searched for X-ray bright AGN in our 5.5 GHz catalogue, by using the 2 Ms Chandra Deep Field-North improved point-source catalogue (Xue et al. 2016) , which covers the whole area of our radio observations. The main catalogue lists 683 X-ray sources detected using WAVDETECT with the following criteria: 1) a false positive probability threshold of 10 −5 in at least one of the three standard X-ray bands (full band, 0.2-7 keV; soft band, 0.2-2 keV; hard band, 2-7 keV); and 2) a binomial probability source-selection criterion of P < 0.004 (Xue et al. 2016 ). This new approach maximizes the number of reliable sources detected, yielding 196 main catalogue new sources compared to Alexander et al. (2003) . Using the same WAVDETECT threshold but 0.004 < P < 0.1, and limited to NIR-bright counterparts (Ks < 22.9 mag), results in a supplementary catalogue of 72 additional Xray sources. The X-ray sources in the catalogue are already associated to a Ks-band counterpart using the catalogue of Wang et al. (2010) . We find that 50 radio sources have an Xray counterpart in the main catalogue, and two radio sources have an association in the supplementary catalogue. We checked for possible X-ray counterparts to the radio sources without a NIR identification, but found no X-ray counterpart within 1 arcsec. The fraction of radio sources with an Figure 10 . The q 100 = log(S 100µm /S 1.4GHz ) as a function of redshift for the 5.5 GHz radio-selected sample with full IRAC detection. Symbols are the same as in Fig.8 , except that open symbols are used for sources that have only an upper limit at 100 µm.
X-ray counterpart is ≃ 55 percent (52/94), raising up to ≃ 63 percent (52/83) for NIR-identified radio sources. These fractions are higher than those found in similar works on extragalactic radio sources (e.g. Bonzini et al. 2013) . For the Chandra Deep Field-South, Bonzini et al. (2013) exploited X-ray data sets twice as deep, 4 Ms (Xue et al. 2011 ) plus 250 ksec observations (Lehmer et al. 2005) , obtaining X-ray detections for 25 percent of their radio sources. Therefore, we reasonably conclude that the higher fraction of radio sources with an X-ray association found in the 5.5 GHz catalogue is not a consequence of the depth of the X-ray data, but rather of the larger fraction of AGN sources in our catalogue. This is likely due to the higher frequency (5.5 against 1.4 GHz) and to the better angular resolution (see § 7).
We classified our radio sources as X-ray AGN if the observed hard-band 2-7 keV luminosity (not corrected for intrinsic absorption) L 2−7keV,obs > 10 42 erg s −1 , i.e. the typical X-ray luminosity threshold adopted to separate AGNrelated from star-formation-related X-ray emission. If the hard-band X-ray luminosity is derived from an upper limit of the 2-7 keV flux, we require a de-absorbed total-band luminosity L 0.2−7keV,int > 2 × 10 42 erg s −1 . On the basis of these two criteria, a total of 30 radio sources are classified as X-ray AGN. These are marked with magenta crosses overlaid on the IR class symbols in Fig.9 . As already shown in many papers (e.g Cardamone et al. 2008) , in the IRAC colour-colour plot the X-ray AGN tend to have colours consistent with a power-law SED from the bluest to the reddest colours. Only 3 bright X-ray sources are found in the region of the RI-AGN, which, by definition, are X-ray weak.
We derived the median value of the 2-7 keV luminosity for the IR classified sources, taking into account the upper limits by using the Kaplan-Meier estimator and the code ASURV, which implements the methods described by Feigelson & Nelson (1985) and Isobe et al. (1986) to properly handle censored data. Out of the 19 RE-AGN, 14 are detected in the 2 Ms catalogue with a median 2-7 keV luminosity (including 3 upper limits) of 2.4 × 10 43 erg s −1 , 10 of these are X-ray AGN. All the 5 RE-AGN undetected in the X-ray band are located close to the lower diagonal line of the Donley wedge and have z > 2.6. Therefore, we can reasonably assume they are not detected in the 2 Ms X-ray image for sensitivity reasons, and otherwise they would have been classified as X-ray AGN due to their high redshift. Out of the 13 RE-AGN candidates, 11 have a detection or upper limit in the hard-band, with 8 sources that can be classified as X-ray AGN on the basis of the hard-band or total-band X-ray flux density. The radio sources classified as RE-AGN candidates are typically almost one order of magnitude less luminous than the RE-AGN in the 2-7 keV X-ray band: they have a median X-ray luminosity (including 5 upper limits) of 3.1 × 10 42 erg s −1 . Out of the 15 RI-AGN associated with passive galaxies, 9 have a detection or upper limit in the hard-band, and 3 are X-ray AGN. The median 2-7 keV Xray luminosity of the 9 X-ray-detected RI-AGN (including 3 upper limits) is 1.6 × 10 41 erg s −1 . In summary, 56 percent (18/32) of the radio selected RE-AGN (RE-AGN-candidates included) are also X-ray AGN, compared to the 20 percent (3/15) of the RI-AGN. It is interesting to note that we also find X-ray bright sources in the remaining sources that were not classified as AGN from any of the four IR colour-colour diagrams, the so-called SF/hyb sources. Out of the 30 SF/hyb systems, 18 are detected in the X-ray, with 9 (30 percent) having X-ray luminosities typical of AGN. A fraction of the X-ray emission can be produced by star-formation processes and, therefore, we might wrongly classify some of these sources as X-ray AGN. To investigate this possibility, we applied two further tests to the 9 SF/hyb sources with X-ray luminosities typical of an AGN. Firstly, we derived the X-ray to optical flux ratio, defined as log(fX /fopt) = log(f 0.5−2keV )+0.4×R+5.71, where R is the R-band magnitude. Sources with log(fX /fopt) > −1 are assumed to be powered by an AGN (e.g. Bauer et al. 2002 Bauer et al. , 2004 . The X-ray to optical flux ratio is effective in separating AGN and SFGs up to z ∼ 2 (Symeonidis et al. 2014) , and the nine SF/hyb sources have redshifts in the range z = 0.5 − 2.5, with only two objects with z > 2 (2.08 and 2.5). Then we compared the X-ray luminosities with those expected from star-formation processes using the relation between X-ray luminosity and total IR luminosity derived by Symeonidis et al. (2014) . The total IR luminosities of these nine sources were derived fitting the mid-to-far infrared SED using the IDL code developed by Casey (2012) : a simultaneous joint fit to a single dust temperature greybody in the FIR (for the cold dust component representing the reprocessed SF emission) plus a MIR power law (for the hot dust component from AGN). The total IR luminosity is derived from the greybody component.
In just one case we find that the X-ray-to-optical ratio is consistent with that expected from a SFG and the contribution of the star-formation to the X-ray luminosity is significant (∼ 25 percent). Even correcting for this contribution, the hard-band X-ray luminosity of this source exceeds the threshold here used. Therefore, we conclude that in all the SF/hyb X-ray powerful sources (with the possible exception of one source that has mixed diagnostics) the Xray emission is dominated by an AGN component. All these nine sources, previously not classified as AGN on the basis of the colour-colour diagnostics are X-ray bright AGN, confirming that a significant fraction of radio-selected SF/hyb objects show nuclear activity that is not detected by the IR colour-colour diagnostics. We note that all the SF/hyb sources with z > 1.5 are either undetected in the X-ray or, if detected, are classified as AGN on the basis of their hardband luminosity. The median 2-7 keV luminosity of the 18 SF/hyb detected in the full band X-ray image (including 7 hard-band upper limits) is 4.1 × 10 41 erg s −1 .
Radio-excess sources
The correlation between the total IR luminosity and the 1.4 GHz radio luminosity for galaxies with ongoing starformation is one of the tightest in astrophysics. The relationship holds over a very wide range of redshifts and luminosities, from normal, radio-quiet spirals to ultraluminous IR galaxies (ULIRGs) (Yun et al. 2001; Garrett 2002; Appleton et al. 2004) , and is one of the most useful diagnostic tools in revealing excess radio emission exceeding that expected from pure star-formation processes. Several studies have replaced the FIR flux with the monochromatic flux at 24 µm (e.g. Bonzini et al. 2013) or at 100 µm (e.g. Del Moro et al. 2013) as a proxy for the FIR emission. In particular, Del Moro et al. (2013) showed that a simple cut at q100 < 1.5 (where q100 = log(S100µm/S1.4GHz)) selects ∼ 80 percent of the radio-excess sources defined using the total FIR. Following Del Moro et al. (2013) we use q100 < 1.5 to identify radio-excess sources in our radio selected sample. Clearly, such a criterion is simplistic and does not take into account the z dependence, such that it may suffer of contamination, especially at high redshift, by strong IR sources (i.e. hyper-luminous IR galaxies): ideally, q100 should be compared to the expected tracks for different representative types of galaxies. However, here we use the q100 parameter not to build a clean sample of radio-excess sources, but rather to mainly pinpoint embedded nuclear activity (RI-AGN) among the SF/hyb sources, identified via IR criteria. Moreover, as we show below, the SF/hyb sources characterised by a radio excess are in a range of redshift and q100 values supporting an AGN contribution to the observed radio emission regardless of the possible redshift evolution of the q100 parameter. A full IR SED model fitting applied to a larger sample (selected from 1.4 GHz observations) will be presented in Paper II.
Fifty-two sources (out of the 77 radio sources with full IRAC photometry) have a Herschel-PACS detection at 100 µm, and for the remaining 25 objects we use a 3σ upper limit of 1.0 mJy (Magnelli et al. 2013 (Magnelli et al. , 2015 . The 1.4 GHz flux densities are taken from Morrison et al. (2010) for all but three sources which are detected only at 5.5 GHz. For these three sources we derive the 1.4 GHz flux density from that measured at 5.5 GHz using a spectral index of 0.7.
In Fig. 10 we plot the observed q100 values against redshift for all the catalogued sources with an infrared classification. Considering q100 < 1.5 as a proxy for selecting radio-excess sources, we have 31 radio-excess sources (41 percent of the sub-sample with full IRAC coverage). As expected, radiatively-inefficient AGN are typically associated with radio-excess sources: 87 percent (13/15) of this class of sources have q100 < 1.5 and for the two remaining sources the q100 value is an upper limit. About one third (11/32) of RE-AGN (including also the RE-AGN-candidates), are associated with radio-excess sources. This significant fraction is not entirely surprising as we are dealing with radio-selected RE-AGN. However, the number of radio-excess RE-AGN could vary significantly, since many of those at high redshift are close to the q100 threshold adopted here. Moreover, at z > ∼ 2 the criterion q100 < 1.5 could be too simplistic and a redshift evolution of this parameter should be taken into account. In any case, this does not influence the census of nuclear activity as most of the sources at such redshifts are already classified as AGN on the basis of the IR colours or hard-band X-ray emission. We also note that RE-AGN is the only class for which there is a clear link between the radio-excess and the X-ray emission: all the radio sources classified as RE-AGN and showing a radio-excess (7 out of 19) are also X-ray AGN.
We find five radio sources at z > 1.5, classified as SF/hyb systems and not strong X-ray emitters, that show a clear radio-excess (q100 < 1 for four of them). Even taking into account the evolution with redshift of q100, all these 5 sources would fall in the radio-excess region (e.g. see Fig.5 in Del Moro et al. 2013) . Finally, there is an IR-excess source at z = 2.5: here the IR emission should be dominated by an AGN and indeed the sources is classified as such on the basis of both the IR and X-ray diagnostics. It does not show a radio excess as typically observed in many RE-AGN. The radio excess sources are shown as black squares in Fig. 9 .
In Table 3 we list, for each of the IR classes, the number of X-ray AGN, the number of radio-excess sources and the number of sources which are both X-ray and radio-excess AGN. At this point it is important to recall that we have classified as RE-AGN-candidates those sources selected as AGN by only one of the four IR diagnostics. The reason for this choice was to have a separate class of sources potentially hosting nuclear activity for which there is a significant possibility of contamination by non-AGN sources. All but three (77 percent, 10/13) of the RE-AGN-candidates are confirmed as AGN by the X-ray luminosity or by their radio-excess. We conclude that the difference between RE-AGN and RE-AGN-candidates is mainly due to the AGN dominance in the IR, but it is reasonable to consider all these sources as true AGN.
1.4 GHz VLBI detections
The most direct confirmation of a radio AGN is provided by the observation of high brightness temperature components on milli-arcsec (mas) angular scales as probed by Very Long Baseline Interferometry (VLBI). Although in the local Universe compact and intense radio emission on mas-scales might be also associated with Supernovae and Supernova Remnants, these are difficult to detect with VLBI at z > 0.1.
Twenty GOODS-N sources were detected by recent global VLBI observations at 1.6 GHz with SV LBI > 50 µJy and an angular resolution of 4 mas (Radcliffe et al. 2016 ). Ten of them were previously detected with VLBI at 1.4 GHz by Chi et al. (2013) . VLBI cores are found to account for, on average, 30 percent of the total 1.6 GHz emission. At 5.5 GHz, we catalogued 19 of the 20 sources with a VLBI detection. The remaining source is located outside the region covered by our 5.5 GHz mosaic. About half (9/19) of the 5.5 GHz sources with VLBI detections belong to the class of RI-AGN and hence are associated with optically-passive galaxies. This means that about 60 percent (9/15) of the radio sources belonging to this class have a VLBI detection, confirming the presence of radio bright compact cores in RI-AGN. Regarding RE-AGN, about 26 percent (5/19) have a VLBI detection, with four of them classified as radioexcess sources with a redshift z < ∼ 1. The remaining object is a RE-AGN with q100 = 1.7 and z ∼ 0.6, very close to the dividing line defining radio-excess sources). Only one of the RE-AGN-candidates is detected by VLBI, and is also a radio-excess source and X-ray AGN. Among the sources IRclassified as SF/hyb, three galaxies have a VLBI detection. All three were classified as radio-excess sources and show a bright, compact core in the VLA observations. Finally, one source with a VLBI detection does not possess an IR classification.
DISCUSSION
In the previous section we investigated the AGN content of the radio catalogue, selected at 5.5 GHz in the GOODS-N field, via multi-wavelength AGN selection criteria. The final classification scheme was obtained by combining all the criteria, as anticipated in §6. Radio sources falling in at least one of the four IR AGN diagnostics or which fulfil the X-ray luminosity requirement are classified as RE-AGN. Among the remaining sources, the RI-AGN are identified as those radio sources having MIR colours typical of red and passive galaxies or those showing a radio-excess (on the basis of the q100 parameter). All the other sources, which are not identified as AGN hosts by any of the criteria used here, are classified as SFGs.
In Fig. 11 we plot the IRAC colour-colour diagram, already shown in Fig. 8 , updating the source classification and in Table 4 we list the 77 classified sources indicating, together with the redshift, the classification based on the four IR colour-colour plots, which source was classified as X-ray or radio-excess AGN, or was VLBI detected, and the final classification as RE-AGN, RI-AGN or SFG.
Putting together all our multi-wavelength AGN classifications, the first notable thing is the large fraction of AGN in the 5.5 GHz catalogue: about 79 percent (61/77) of the IR-classified sources show evidence for nuclear activity, in at least one of the radio, infrared or X-ray bands. This fraction becomes even higher, 95 percent (35/37), when considering only the radio sources with z > 1.5. This fraction of AGN is very large, especially if we consider that Figure 11 . The IRAC colour-colour diagram for the 77 5.5 GHz selected radio sources, detected at all IRAC bands. The classification reported here has been updated based on the X-ray luminosity and radio-excess criteria. All the RE-AGN (including the RE-AGN candidates) are shown with green symbols, the RI-AGN and SFGs respectively with red and blue symbols.
we are sampling a population of faint radio sources: the median peak brightness and total flux densities for the 77 sources with full IRAC coverage are about 20 µJy beam −1 and 40 µJy at 5.5 GHz, respectively. Moreover, we note that radio sources classified as AGN (both RE and RI-AGN) dominate at all flux density levels. Other radio surveys with comparable sensitivity, e.g. E-CDFS (Miller et al. 2013; Bonzini et al. 2013) or VLA-COSMOS 3GHz (Smolčić et al. 2017b; Delvecchio et al. 2017) , derive a fraction of radio detected AGN of about 40 percent, a factor of two lower than that derived in this paper.
As argued below, we think that the large fraction of AGN is a selection effect mainly due to the the lack of (or limited) short spacing information in our VLA (Aarray dominated) data that limits the largest scale structure that can be imaged, introducing a bias against extended (> 1 − 2 arcsec) low-surface brightness sources. Indeed, AGN-and star-formation-related radio emission should display distinct morphological structures. In particular, radio sources hosting nuclear activity should preferentially have a compact component, while star-forming galaxies should be characterised by extended/diffuse radio emission on kpc scales, associated with the galactic disk. We tested this by analysing the deconvolved angular size of the sources derived from the source fitting procedure (see § 3). We used the major axis as an estimate of the source size. For those sources that are classified as unresolved, on the basis of the relation between the total-to-peak ratio and the SNR, we assumed that the fitted size is an upper limit. For a more homogeneous comparison, we restricted this analysis to the sources with redshift z < 1.5, since 14 of the 16 SFGs are within this limit. We derived the Kaplan-Meier median estimator using the ASURV package. We find that RE-AGN and RI-AGN have the same median sizes, and for this reason we combine all the AGN, deriving a median size of 0.29 ± 0.22 arcsec for the AGN and 0.79 ± 0.21 arcsec for the SFGs (the quoted error is the MAD). This result is consistent with our classification based on the IR colours, X-ray luminosities or radio-excess. Indeed, the median angular size of the SFGs corresponds, at z = 1, to ∼ 6 kpc, consistent with a radio emission distributed over a galactic disk.
So far we have found that, among the sources detected at 5.5 GHz, those classified as AGN are more compact than those classified as star-forming galaxies. On the other hand, the overwhelming fraction of AGN in our 5.5 GHzselected sample are, apparently, at odds with the results of other deep radio surveys and the classifications reported in Muxlow et al. (2005, hereafter M05 ) for a complete sample selected at 1.4 GHz in GOODS-N. The sample in M05 contains 92 sources with flux densities at 1.4 GHz above 40 µJy, from a 10×10 arcmin 2 region, within the area covered by our 5.5 GHz VLA observations. The classification adopted in M05 divided the radio sources in secure or candidate AGN or SFGs on the basis of the radio/optical combined morphology, radio spectral index, X-ray luminosity, and ISO detection. We emphasize that the criteria adopted in M05 to classify a radio source as AGN or SFG are either different to those applied in this paper or based on shallower data at X-ray and infrared wavelengths. Adding together the candidates and the secure classifications, both for AGN and SFGs, more than half of the sources in M05 are classified as SFGs (48/92, 52 percent), while only one fifth are classified as AGN (18/92, 20 percent). The remaining sources (26/92, 28 percent) are unclassified, meaning that the radio properties could be associated either with AGN or starburst activity. In principle, by assuming a radio spectral index of 0.7, we should be able to detect 89 out of the 92 sources (≃ 97 percent) listed in M05, at the point source sensitivity of our 5.5 GHz mosaic. In practice, since most of the sources are resolved at the angular resolution of our 5.5 GHz image, we detect only ∼ 60 percent of the 1.4 GHz selected complete sample.
Using the values listed in Table A2 from M05 we derived the median values of the 1.4 GHz total flux and largest angular size for the sources detected and not detected at 5.5 GHz, Out of the 48 SFGs classified by M05, 25 are detected at 5.5 GHz. These are the objects with higher flux density and smaller sizes: for the 25 sources detected at 5.5 GHz the median 1.4 GHz flux density and median largest angular size (LAS) are 71 µJy and 0.8 arcsec, compared with 53 µJy and 1.2 arcsec for the 23 radio sources undetected at 5.5 GHz. The same is observed for the sources unclassified by M05: 14 out of 26 are detected at 5.5 GHz with a median flux density and LAS of 124 µJy and 0.8 arcsec, compared to 72 µJy and 2.1 arcsec for those undetected at 5.5 GHz. On the other hand, 16 out of 18 AGN classified by M05 are detected at 5.5. These 16 sources have a median 1.4 GHz flux density and LAS of 217 µJy and 0.6 arcsec. The only two AGN undetected at 5.5 GHz are the two weakest AGN with LAS ≥ 2.5 arcsec in M05.
We conclude that we are systematically missing faint sources with sizes > ∼ 1 arcsec, and that these sources are usually identified with SFGs in M05. This is not surprising, since while the point source sensitivity of our observations at 5.5 GHz and that used by M05 at 1.4 are comparable (once scaled to take into account the radio spectral index) the two surveys have different beam solid angles (0.56 × 0.47 arcsec 2 at 5.5 GHz and 2×2 arcsec 2 at 1.4 GHz), and therefore different brightness sensitivities: the lower resolution observations in M05 are about 15 times as sensitive as our high resolution observations for sources with sizes larger than the beam (e.g. Condon 2015) . Even the VLA-COSMOS 3GHz survey, that is the closest in frequency and resolution (0.75 × 0.75 arcsec) to our observations is five times as sensitive as our observations in terms of brightness sensitivity. If we assume that the 35 SFGs and unclassified sources in M05, not detected at 5.5 GHz, are indeed all SFGs, the overall fraction of AGN in our sample becomes less extreme and more in line with expectation at the tens of µJy level. As pointed out above, short spacing data are required to properly sample low-surface brightness sources on arcsec scale: this would be achievable by adding VLA C-configuration observations to our data. Nonetheless, our results highlight the usefulness of the present 5.5 GHz observations in selecting radio-emitting AGN at the faintest flux levels ( < ∼ 100 µJy). One further point that needs to be mentioned is the different classifications in M05 and the present paper. We note that while all the sources classified as AGN in M05 and detected at 5.5 GHz are also classified as AGN in the present paper, this is not the true for sources previously classified as SFGs. The majority of the sources classified as SFGs or unclassified by M05 and detected in our observations turn out to be classified as AGN by our criteria. This can be explained by the deeper infrared and X-ray observations used in the present paper that allowed to detect lower luminosity AGN with respect to the ancillary data used in M05.
CONCLUSIONS
Using ultra-deep sub-arcsec-resolution radio observations at 5.5 GHz obtained with the VLA in the framework of the eMERGE legacy project, we have produced a mosaic (including seven different pointings) with a median r.m.s. noise of 3 µJy beam −1 and an angular resolution of 0.56 × 0.47 arcsec 2 over a circular region with a diameter of 14 arcmin centred on the GOODS-N radio field.
The main results presented in this paper can can be summarised as follows:
• We extracted a catalogue containing 94 radio sources above the local 5σ threshold, with about 50 percent of the sources in the range 10 − 30 µJy beam −1 and less than 20 percent with peak flux > 100 µJy beam −1 . About 60 percent (56/94) of the radio sources are classified as resolved on the basis of the total-to-peak flux ratio versus SNR plot.
• We used deep NIR catalogues, mainly Wang et al. (2010) , but also Kajisawa et al. (2011) and Skelton et al. (2014) , to identify the radio sources. We find that 88 percent (83/94) of the radio catalogue have secure NIR identifications, with the fraction raising to 96 percent (76/79) when only the radio sources above 5.5σ are considered.
• Redshift information is available for 95 percent (79/83) of the NIR identified radio sources (51 redshifts are spectroscopic and 28 photometric). The median redshift is z med = 1.32.
• We used multi-band AGN diagnostics (IR colour-colour plots, X-ray luminosity, radio-excess parameter and VLBI detection) to separate AGN-driven (both radiatively efficient and inefficient) radio sources from SFGs in a subsample of 77 radio sources with a detection in all the four IRAC bands. We find that 79 percent (61/77) of the sources show evidence for nuclear activity and this fraction is about 92 percent if we consider only the sources with redshift z > 1.5. Such a large fraction of AGN is unusual considering we are sampling a population of radio sources with a median peak brightness of ≃ 20 µJy beam −1 .
• Our conclusion is that we are missing SFGs because of the limited surface brightness sensitivity, due to the limited availability of short spacings. This favours the detection of compact kpc/sub-kpc radio sources at the expense of sources with radio emission distributed on scales of several kpc. Indeed, the AGN populations (both RE-and RI-AGN) have very similar median angular sizes (≃ 0.2 − 0.3 arcsec for z < 1.5), the SFGs have larger sizes (≃ 0.8 arcsec for z < 1.5). Finally, AGN-hosting radio sources (RE-and RI-AGN) dominate the population of our catalogue at all flux density levels.
The afore-mentioned selection effects need to be taken into account in planning future surveys. Such effects will be further discussed in a forthcoming paper based on a comparative analysis of radio-selected samples with different angular resolutions and frequency, but comparable depths to GOODS-N. In that paper we will also discuss the origin of the radio emission in RE-AGN.
